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ABSTRACT. In this contribution, we study the role of the donor:acceptor interface nanostructure upon charge separation and recombination in organic photovoltaic devices and blend films, using mixtures of PBTTT and two different fullerene derivatives (PC70BM and ICTA) as models for intercalated and non-intercalated morphologies, respectively. Thermodynamic simulations show that while the completely intercalated system exhibits a large free-energy barrier for charge separation, this barrier is significantly lower in the non-intercalated system, and almost vanishes when energetic disorder is included in the model. In accordance with this prediction, time-delayed collection field (TDCF) measurements reveal a pronounced field dependence of free charge generation for the completely intercalated 1:1 PBTTT:PC70BM but not for the fully nonintercalated 1:1 PBTTT:ICTA blend. Despite these differences, both fs-resolved transient absorption spectroscopy (TAS) and TDCF exhibit extensive first-order losses, suggesting that geminate pairs are the primary product of photoexcitation. Interestingly, the nature of these bound charges is different in these two systems, namely, coulombically bound electron-hole pairs in the intercalated blend versus morphologically secluded geminate pairs in the non-intercalated blend.
In contrast, the system that comprises a combination of fully intercalated polymer:fullerene areas and fullerene aggregated domains (1:4 PBTTT:PC70BM), is the only one that shows slow, secondorder recombination of free charges, that is weakly dependent on the electric field, resulting in devices with an overall higher short circuit current and fill factor. This study therefore provides a novel consideration of the role of the interfacial nanostructure and the nature of bound charges, and their impact upon charge generation and recombination.
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TEXT. The charge separation process in organic photovoltaic blends has long been studied, however significant discrepancies remain on proposed mechanisms of free polaron generation. [1] [2] [3] Variables often cited as influencing the yield of free charges are the driving energy for charge separation, 4 the availability of excited states which support a large electron delocalisation, [5] [6] [7] [8] the dielectric constant of the blend 9 and the mobility of the photogenerated charges. 10 All of these factors are related to the micro and nanostructure of the blend, namely, the crystallinity, domain size and purity of the blend components. [11] [12] [13] [14] [15] [16] [17] More recently, the orientation of the donor and acceptor molecules with respect to each other has been proposed as a critical nanostructure parameter, 17, 18 and the polarization energy at the interface has been suggested to affect the charge separation energy barrier.
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It is generally accepted that a trade-off exists between the optimal microstructure for efficient exciton dissociation and that for efficient separation of the charges and their subsequent collection. 20 While molecularly intermixed regions of donor and acceptor are thought to be optimal for exciton dissociation, more pure, extended regions of either component have proven necessary
for an efficient charge separation and collection. 12, [20] [21] [22] [23] [24] In addition, the nature of the morphological distribution in the donor-acceptor interface, whether blurred with a continuous composition gradient or presenting an abrupt transition between the donor and acceptor phase, was predicted to affect the efficiency of exciton harvesting and charge extraction, thus impacting upon the overall device performance. 22, 25, 26 A key uncertainty in such analyses is the nature of the interfacial bound charges in such bulk heterojunction (BHJ) devices and their impact upon charge generation and recombination.
In this paper, we provide a combined experimental and theoretical study of the role of the interface nanostructure upon charge separation and recombination energetics and kinetics. Figure S1 ). The critical difference between these blends is that they
give rise to very particular interfacial nanostructures. [27] [28] [29] [30] The 1:1 PBTTT:PC70BM blend comprises fully intermixed polymer:fullerene co-crystals with a molecular interface, this system will be referred here as 'intercalated'. The 1:1 PBTTT:ICTA blend does not show intercalation, and has an abrupt interface, this system will be referred to as 'non-intercalated' and finally the 1:4
PBTTT:PC70BM blend presents both intercalated polymer:fullerene co-crystals and pure fullerene phases, and herein will be referred to as 'composite'. [27] [28] [29] [30] We find from our simulations that the free-energy of charge separation monotonically increases with increasing electron-hole distance when the PBTTT:PC70BM co-crystal is the predominant microstructure, meaning that photogenerated charges are unlikely to spontaneously separate at room temperature. However, this barrier is largely reduced for a non-intercalated sharp donoracceptor interface such as the one present in PBTTT:ICTA, and almost vanishes if energetic disorder is included in the model. In agreement with this theory, time-delayed collection field (TDCF) studies reveal a pronounced electric field dependence of charge generation in the PBTTT:PC70BM co-crystal but not in the fully phase-separated PBTTT:ICTA blend. Surprisingly, photovoltaic devices fabricated with the latter blend perform worst among all systems studied. Our transient absorption spectroscopy (TAS) and TDCF recombination studies suggest that the nonintercalated blend, suffers from delayed first-order recombination, which we assign to 5 morphologically secluded geminate pairs, trapped in small and isolated ICTA domains.
Importantly, geminate recombination is avoided in the 1:4 PBTTT:PC70BM system, the only system which comprises a combination of intercalated and pure fullerene phases. Therefore, our study highlights the importance of a multiphase morphology when aiming for efficient generation and extraction of charge in BHJ solar cells.
RESULTS AND DISCUSSION
First, we confirm the nanostructure of the active blends. In order to assess how the nature of the heterojunction affects the efficiency of charge generation, we performed simulations of the free energy ( ) of the electron-hole pair. As we have previously described, 31 the electron and hole are initially simulated as a charge-transfer (CT) state with the hole in the PBTTT and the electron in the acceptor (PC70BM or ICTA). [31] [32] [33] The free energy ( ) of the electron-hole pair as a function of their separation r is then calculated with and without energetic disorder. For the intercalated case, the PBTTT:PC70BM mixture is modeled as one phase with both the donor and acceptor forming one-dimensional channels, according to previous literature reports. 29, 34 For the non-intercalated case, the morphology was represented as two phases of three-dimensional hexagonal close-packed lattice with a planar interface between them. Additional simulation details are described in Section 1 of the SI, including Figures S2 and S3, which show a schematic representation of the two cases. PBTTT:PC70BM blend. 33 Conversely, for the non-intercalated case, entropy and disorder decisively lower the energetic barrier for charge-pair separation. The entropic driving comes from the fact that the number of ways of arranging two charges goes as the cube of their separation, 31 lowering the free energy. Energetic disorder also lowers the barrier by allowing charges on higherenergy sites to lower their energy by moving onto neighbouring lower-lying sites, a process that is more likely to occur in higher-dimensional systems where each site has more neighbours. In particular, we notice that using 70 meV of energetic disorder, a value estimated via Photo-CELIV 8 for another phase-separated system, PBTTT:bis-PC60BM, 35 is enough to lower the charge separation barrier to ≈ 50 meV. This is a much lower energetic barrier compared to the barrier of more than 250 meV calculated for the intercalated case, independent of the presence of energetic disorder. This would suggest that charge separation is energetically more favourable in a phase separated system with a more abrupt interface. We emphasize, however, that even with a small energetic barrier, charge separation needs not be 100% efficient, since it is governed by kinetic properties that cannot be predicted from thermodynamic considerations; in particular, recombination could still be fast in phase separated blends, leading to low efficiencies.
To determine whether the predominance of non-intercalated blends results in superior device performance, charge generation and recombination were studied in detail with a combination of different steady-state and transient methods. Figure 3 shows the J-V curves of the PBTTT:fullerene devices (see Table 1 in the SI for the device parameters) along with the external generation efficiency (EGE) obtained from our TDCF measurements, described elsewhere. 36, 37 Briefly, a 3.8 ns monochromatic (here 532 nm) light pulse was shined into the device pixel while the device is held at a certain bias ('pre-bias' ); after a certain delay time, the charges are extracted using a strong reverse bias ('collection bias' ). EGE is calculated as the ratio of total charge carrier collected per photons shined. Data in Figure 3 is obtained by keeping the delay constant at the earliest time (6 ns) and lowest measurable intensity, (0.2 Jcm 2 ) while the pre-bias is changed, using a collection bias = −2.5 . As can be observed, the J-V curves (both in shape and absolute current) are well described by our estimated EGE at reverse bias, where non-geminate charge recombination is reduced by the effect of the applied filed. This means that the device photocurrent is generated exactly by the charges measured by TDCF at short delay times. It is also evident that whereas for the intercalated device the effect of pre-bias on generation is relatively large (EGE varies from 20 to 11% from -1.5 to 0.6 V) this effect is much less pronounced for the composite device (30 to 23%) and even less for the non-intercalated device (10 to 8%). The trend for the extreme cases i.e., intercalated vs non-intercalated, are in agreement with conclusions from earlier TDCF measurements on a similar system. 38 Consistent with our simulations, this finding suggests that free charge photogeneration in the intercalated 1:1 PBTTT:PC70BM device proceeds via coulombically bound intermediatesnamely, charge pairs-that are bias-susceptible and extractable under strong applied bias.
Conversely, the presence of relatively pure phases in the non-intercalated and composite devices results in charge separation significantly less dependent on the electric field -indicating a lower barrier for free charge formation in both systems. This is due to the formation of less bound charges or the formation bound charges that are less bias-susceptible. Later on, we will see that the last explanation seems to fit well with the evidence obtained by other measurements for the nonintercalated, PBTTT:ICTA device.
Despite the low bias influence on EGE for the PBTTT:ICTA device, it is striking how low the absolute EGE is even at -1.5 V reverse bias and how poorly this device performs, given the thermodynamic prediction of supressed geminate recombination at an abrupt domain heterojunction interface. To understand this apparent disagreement, we studied charge where the interfacial nanostructure is controlled has been lacking. Figure S4 shows the fs-TAS spectra and kinetics of a neat PBTTT film and a 9:1 PBTTT:PC70BM blend film. From these data, the singlet exciton photoinduced absorption band, with a maximum at 1260 nm can be identified. 21 Its lifetime is estimated (at low intensity) to be τ = 144 ± 20 ps, consistent with the lifetime of other conjugated polymers used in organic photovoltaics. 44 The band appearing from ≈ 850 to 1050 nm for the 9:1 blend can be assigned to the photoinduced absorption of bound/free positive polarons in the polymer phase, consistent with other reports. 21, 40, 43, 42 These are the basis of the assignments that will be used for the rest of the blends herein presented. Using the exciton photoinduced absorption kinetics for the neat PBTTT film at different excitation intensities and a modified time-independent exciton-exciton annihilation model, 45, 23 we can estimate the one-dimensional polymer exciton diffusion length to be ≈ 7 nm. By quantifying the exciton lifetime for the different blend films at the band maximum and comparing it with the steady-state photoluminescence (PL) results ( Figure S5 ) we can obtain a value for the polymer PL quenching, which, along with the polymer exciton diffusion length, can give an estimate of the pure domain size.
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We now turn to , g ) plots of transient absorption (TAS) spectra exciting at 540 nm with 6 J/cm 2 , (b, e, h) normalized polaron recombination kinetics from TAS at the absorption maximum, at different excitation intensities; and (c, f, i) normalized charge density from time-delayed collection field (TDCF) measurements at 0.4 V prebias and different light pulse intensities. Red lines in plot b and h correspond to triexponential fits of the data. Plot g) shows the raw TAS spectra before subtracting exciton photoinduced absorption, which is included in the SI. Plot h) shows deconvoluted polaron kinetics co (exciton contribution has been substracted). Now we discuss the decay dynamics of the photogenerated charges in the blends and devices.
Only the 1:4 PBTTT:PC70BM blend shows clear intensity-dependent decays, which start at ≈ 10 ps, and exhibit a half time of ~ 4 ns at the highest intensity study. This intensity dependent behaviour is also present in the total charge density on the ns timescale measured with TDCF, where a much faster decay is observed when the pulse intensity is increased by a factor of 10.
From the fits of these decays (not shown) a predominant second order kinetics can be obtained.
The scenario is completely different for the 1:1 PBTTT:PC70BM (intercalated) and PBTTT:ICTA (non-intercalated) systems. In the first case, a fast intensity-independent decay of the polaron absorption is observed. This decay can be fitted to an exponential decay with an average time constant of τ = 210 ± 10 ps. After ~ 2 ns 80% of the charges are lost to this fast charge recombination, in agreement with other studies. 21, 40, 42, 43 The TDCF data also show an intensity-independent first-order recombination process, in agreement with ns-TAS measurements by Laquai et al. 21 Our external quantum efficiency (EQE) measurements in the near IR (see Figure   S7 ) show a band at ~ 980 nm, which suggests that there are bound species with an absorption coupled to the ground state that can generate free charges. These species therefore correspond to charge-transfer states. We envision that recombination of the most tightly bound states results in fast geminate recombination that starts from early times, leaving the loosely bound polaron pairs to survive recombination at longer time scales, and being more prone to be separated and extracted by a sufficiently large bias.
For the non-intercalated PBTTT:ICTA system, for which our simulations predict efficient free charge generation, the polaron TAS decays are surprisingly intensity-independent; however they 14 undergo an exponential decay with a much larger time constant, (τ = 1.8 ± 0.2 ns) compared with the fully intercalated system. Importantly, charge recombination follows a first order decay also in TDCF, while charge extraction is rather slow (see Figure S8 ). An important relatively slow rise of the signal with a time constant of τ = 0.60 ± 0.1 ps is also observed. This corresponds to a fraction of polaron pairs that are generated after exciton diffusion from pure polymer areas to the interface (see Figure S1 ). The slower rise (as opposed to that of the composite 1:1 PBTTT:PC70BM blend) suggests that PBTTT domains are somewhat larger, in agreement with steady-state PL.
Interestingly, our EQE measurements do not show the presence of any near-IR absorption (see Figure S7 ) indicating that if there are bound species, they are not coupled to the ground state. This evidence suggests that exciton dissociation at the abrupt interface indeed forms charge pairs with a minimum separation distance to lower their free energy (see Figure 2 ), but that they remain morphologically confined in small polymer or fullerene domains, with only few percolation pathways being available to be extracted. In this scenario, a large fraction of electron-hole pairs located on neighbouring domains will not be able to separate into fully independent charge carriers and thus geminately recombine. Consequently, charge recombination is first order in carrier density, but more gradual and slower than in the intercalated blend where geminate pairs are forced to recombine due to the presence of a large and deep energy barrier (see Figure 2 and Scheme 1).
This study reveals important differences in the charge carrier dynamics of PBTTT:fullerene blends depending on the heterojunction morphology and domain purity. For the 1:1 PBTTT:PC70BM blend, with an intercalated morphology, our simulations and TDCF data show free carrier formation to proceed through a (coulombically) bound precursor. However, as there are no internal domain boundaries, carriers can be efficiently extracted to the outside circuit with the assistance of an electric field. In agreement with this picture, geminate, first order polaron recombination dominates the kinetics in the absence of an electric field (like in TAS or TDCF near VOC), but there is a noticeable increase of the EGE when reversing the bias, thus rendering a strong voltage-dependent photocurrent. These observations are consistent with a recent semi-empirical theoretical study of the effect of intermixed regions upon charge recombination. 26 In contrast, in the non-intercalated 1:1 PBTTT:ICTA system, there is a shallow energetic barrier to separate the interfacial CT state, and yet most of the photogenerated charge pairs are morphologically bound.
As a consequence, polaron recombination as obtained by TAS is first order, and the EGE remains at a low level independently of the applied voltage. An additional factor that can contribute to the poor charge separation and collection in the 1:1 PBTTT:ICTA device may originate from the expected lower charge mobility of ICTA, as compared to PC70BM, 47 which can hinder efficient charge generation and collection. 10 It is only in the 1:4 PBTT:PC70BM system, with a composite morphology, that the majority of photogenerated polarons fully separate, then exhibiting slow, second order recombination dynamics, and an overall higher EGE. We propose that in this system, charge separation benefits from the presence of larger and well-interconnected fullerene domains. It is also plausible that an energy cascade effect operates in the junction between the co-crystal and the semi-crystallized PC70BM areas with higher-electron-affinity. 11, 48 This is an effect unlikely to be present in the ICTA blends due to their small and non-crystallized domains, as can be observed in the WAXD data which does not show the characteristic peak at q = 1.37 Å -1 , proposed to come from aggregated fullerene areas. 49, 50 Note that this peak is only present for the 1:4 PBTTT:PC70BM blend where larger PC70BM domains are present. 29, 30 A second important conclusion comes from the direct comparison of TAS and TDCF data in Scheme 1. Here, by assuming that the two measurements overlap at ≈ 6 ns, and low excitation 16 intensities (2.2 mJcm -2 ) we can obtain the polymer (hole) polaron extinction coefficient from the TAS data, at the polaron maximum absorption. Using this approach, we estimate that = (4.0 ± 0.7) × 10 4 −1 −1 for PBTTT hole polarons, which is consistent with published data for other polymers used in OPV. 51 We notice however, that this value was obtained using only the 1:1 and 1:4 PBTTT:PC70BM transients. Interestingly, for the 1:1 PBTTT:ICTA system, the optical and optoelectronical methods do not seem to agree in the charge density obtained: the extractable charge density determined by TDCF is ≈ 2.6 times lower than the total charge in the blend as estimated by TAS measurements. This is consistent with the idea that most of these charges are morphologically secluded, rendering them vulnerable for geminate recombination and thus difficult to move be extracted efficiently even under the influence of a strong bias. This is explicitly illustrated in the right panel of Scheme 1. ps charge density is almost 1.5 times higher than for the other two systems. However, notice that charge generation as determined by TAS does not discriminate between bound or free charges;
and after ≈ 200 ps the charge density in the other two blends is higher due to their slower charge recombination. While it is important to understand the polaron pair kinetics from the ultrafast time scales, it is the free charge density at times relevant for charge extraction that is mostly relevant to device operation, differently to what has been proposed in the literature. 43 
CONCLUSION.
We have demonstrated the impact of the interface morphology upon charge generation, recombination and extraction in a joined kinetic study in blends and devices. While thermodynamic simulations show that charge separation is more efficient at an abrupt interface compared to an intercalated one, the former displays the lowest device efficiency. This is due to a kinetic inability of the non-intercalated system to form free charges in high mobility domains that favour efficient extraction. Remarkably, in both extreme cases -where either intercalated or phase- were used and treated with Oxygen plasma. On top of the ITO substrates, PEDOT:PSS was spun at 2500 rpm and dried on a hot plate at 150°C in air for 30 minutes. Active layers for devices were prepared in a similar fashion as for the films used for optical measurements. Following, a counter electrode of calcium (10 nm) and aluminum (100 nm) were deposited by vacuum evaporation at 3 × 10 -7 mbar. The active area of the devices used for TDCF was 0.01 cm 2 . Devices were encapsulated with blue fix glue.
Transient absorption spectroscopy (TAS):
Measurements were carried out with a commercial setup that comprises a 1 kHz Solstice (Newport Corporation) Ti:Sapphire regenerative amplifier with 800 nm, 90 fs pulses. The output was passed through a beam splitter to generate the pump and probe pulses. The tuneable pump pulse was generated in a TOPAS-Prime (Light conversion) optical parametric amplifier and used to excite the sample with energies between 2 and 30 μJcm 
Time delayed collection field (TDCF).
An optical pulse train generated by a diode-pumped, Qswitched Nd:YAG laser (NT242, EKSPLA, 500 Hz repetition rate, 3.8 ns pulse duration) was used to excite the sample. In the meantime, the device is held at a constant 'pre-bias' set by an Agilent 81150 A pulse generator trough a homebuilt amplifier and then switched to a strong reverse bias 'collection bias' after a certain delay time. The current through the device is measured via a grounded 10 Ω resistor in series with the sample and recorded with an Agilent DSO9104H
oscilloscope. To compensate for the internal latency of the pulse generator, the laser pulse was delayed and homogeneously scattered in an 85 m long silica fiber (LEONI). Information is free of charge on the ACS Publication website.
